Osteosarcoma patient survival has remained stagnant for 30 years. Novel therapeutic approaches are needed to improve outcomes. We examined the expression of Programmed Death Ligand 1 (PD-L1) and defined the tumor immune microenvironment to assess the prognostic utility in osteosarcoma. PD-L1 expression in osteosarcoma was examined in two patient cohorts using immunohistochemistry (IHC) (n = 48, n = 59) and expression was validated using quantitative real time PCR (n = 21) and western blotting (n = 9). IHC was used to determine the presence of tumor infiltrating lymphocytes and antigenpresenting cells ( Osteosarcoma is the most common primary malignant bone tumor in children and young adults [1] [2] [3] . Although there have been great advances in the treatment of osteosarcoma, survival rates have remained stagnant over the past three decades. With the introduction of multimodal therapy, including surgery and chemotherapy, 5-year event-free survival (EFS) has remained less than 70%, which has remained unchanged over the past few decades 4, 5 . Patients with metastatic or relapsed disease have particularly dismal outcomes, with a less than 30% 5-year EFS [6] [7] [8] [9] [10] 
robust immune infiltration 11, 15 . Osteosarcoma demonstrates significant genetic complexity, with the majority of tumors displaying loss of both p53 and RB [16] [17] [18] . In addition, 33% of primary osteosarcoma shows evidence of chromothripsis, or chromosome shattering 19, 20 , and over 50% exhibit kataegis, or localized areas of hypermutation 18, 21 . The high mutational load in osteosarcoma, along with the regular interaction between immune cells and bone cells in normal tissue, suggests that osteosarcoma may be an immunogenic tumor and evasion of the immune response may be an important component of its pathogenesis. Although previous studies have suggested a potential role for immune cells in osteosarcoma, to date no study has provided a comprehensive picture of the immune microenvironment 22, 23 . Tumors escape immunosurveillance by expressing immune checkpoints, such as programmed death ligand-1 (PD-L1) 24, 25 . The interaction between PD-L1, expressed on tumor cells and its receptor, programmed death-1 (PD-1), expressed on immune cells, leads to immune cell apoptosis, anergy, and tolerance. Recent studies have demonstrated that cancers like melanoma, despite being highly immunogenic tumors, are not effectively cleared, partially due to their ability to express PD-L1 26 . A number of studies have already demonstrated that blockade of the PD-L1:PD-1 interaction in patients with Hodgkin lymphoma, non-small-cell lung cancer, and melanoma leads to improved outcomes 27, 28 , and anti-PD-1 antibodies have been FDA approved for the treatment of melanoma [29] [30] [31] . In addition, studies have reported that tumor response to PD-L1 or PD-1 inhibition is directly related to the level of PD-L1 expression and lymphocytic infiltration of the tumor [32] [33] [34] [35] . Previous studies have begun to examine the role of PD-L1 in osteosarcoma. Utilizing quantitative real-time PCR (qRT-PCR), PD-L1 mRNA expression was associated with lymphocyte infiltration 23 . Subsequent studies, utilizing immunofluorescence (IF), reported PD-L1 was not expressed in primary specimens and was only expressed in metastatic tissue 22 . Further studies examining PD-L1 blockade in a mouse model of osteosarcoma showed initial regression of the tumor followed by growth of PD-L1 antibody resistant clones. In response to treatment with anti-PD-L1 antibody, tumor cells downregulated PD-L1 and upregulated CD80 and CD86. In addition, neighboring T-cells exhibited decreased expression of PD-1 and increased expression of CTLA4, suggesting that alternate immune checkpoints may play a role is osteosarcoma resistance to PD-L1 blockade 36 . Combination therapy targeting PD-L1 and CTLA-4 showed control of osteosarcoma growth in the majority of tumors in a mouse model 22, 36 . In this study, we determined the potential prognostic and therapeutic utility of PD-L1 by examining its expression and characterizing the immune microenvironment of human osteosarcoma.
Results
PD-L1 is expressed in primary osteosarcoma tissue. PD-L1 expression was quantified in osteosarcoma patient and standard cell lines by qRT-PCR. Three quarters of patient derived cell lines, all the osteosarcoma standard cell lines (HOS, HOS-143b, SaOS, and U2OS), and two thirds of tumor specimens demonstrated expression of PD-L1 mRNA greater than the negative MCF7 control cell line; however, only a small subset expressed PD-L1 at the same level as the positive control, breast cancer cell line MDA-MB-231. Specifically, three of the sixteen cell lines (203, 232, and 279), 19% (Fig. 1A) , and four of the 24 tumors (311, 139, 232, 238), 17%, were highly positive for PD-L1 mRNA, with expression levels near or exceeding the positive control (Fig. 1B) . PD-L1 protein expression was validated with western blotting: 3 of 10 patient samples (30.0%) and 4 of 10 osteosarcoma patient derived cell lines (40%) demonstrated detectable levels of PD-L1 protein (Fig. 1C) . mRNA and protein expression did not correlate as some tumors that had mRNA expression as detected by qPCR but no detectable protein expression, specifically cell lines 307 and 308 and tumors 308 and 311.
PD-L1 protein expression was subsequently examined using IHC (Fig. 1D ) on an osteosarcoma TMA containing 54 patient samples (Table S1 ). PD-L1 expression was quantified as the percentage of positive tumors cells on the slide compared to the tumor volume. Seven percent of all specimens on the TMA stained positive for PD-L1, with the majority of positive tumors demonstrating less than 25% staining. No significant differences in PD-L1 expression were seen between primary specimens and metastatic specimens (6.8% vs 15.4%, p = 0.24). Due to the low percentage of PD-L1 positive primary tumors detected by IHC compared to qPCR and western blotting, PD-L1 staining was performed on a second cohort of samples using whole slides, which included increased area of osteosarcoma tissue per sample. In the whole slide cohort, 12 patients (25.0%) had positive PD-L1 expression, of which eight had associated clinical data ( Table 1 (Fig. 2) .
PD-L1 positive tumors were associated with infiltration by multiple immune cells types as compared to PD-L1 negative tumors, which demonstrated infiltration by fewer immune cells types. Tumors expressing PD-L1 were significantly more likely to demonstrate infiltration by all immune cell types compared with PD-L1 negative tumors (50.0% vs 5.6%, p = 0.002). Tumors expressing PD-L1 compared to those that were PD-L1 negative were more likely to demonstrate infiltration by CD3+ T-cells (91.7% vs 55.6%, p = 0.002), CD56+ NK cells (100% vs. 66.7%, p = 0.02), CD68+ macrophages (91.7% vs 50%, p = 0.02), and CD1a+ DCs (83.3% vs 30.6%, p = 0.002). In addition, immune cells were significantly more likely to express PD-1 in PD-L1 positive tumors compared with PD-L1 negative tumors (91.7% vs 47.2%, p = 0.002) ( Table S2) .
Expression of PD-L1 is consistent within the tumor mass. IHC indicated that PD-L1 expression and
immune cell infiltration is heterogeneous within the whole slide samples examined. Two osteosarcoma tumor maps, containing slides from multiple areas of tumor, were examined in order to assess the consistency of PD-L1 expression and tumor infiltrating immune cells across whole tumors. Four slides were selected from the map for patient A, containing tissue from four locations across the tumor mass (Fig. 3A) . Six slides were selected from the map for patient B, containing tissue from three locations across the tumor mass and three locations containing the resection margin (Fig. 3B) .
Patient A's tumor was PD-L1 negative across all sections examined ( Fig. 3C ) and patient B's tumor was PD-L1 positive in five out of six sections, with only one region located outside of the tumor mass demonstrating negative PD-L expression (Fig. 3D) . In both tumors, presence of specific tumor infiltrating cells varied only slightly across multiple sections of the tumor, with the exception of CD56+ NK cells and CD8+ T-regulatory cells, which were universally present. Overall, the PD-L1 positive tumor contained more tumor infiltrating immune cells types than did the PD-L1 negative tumor.
PD-L1 expression or APC infiltration is associated with event free survival. In order to assess the prognostic relevance of PD-L1 and tumor infiltrating immune cells in osteosarcoma, Kaplan Meier curves were generated. EFS, with an event being defined as relapse or death, was calculated based on presence or absence of PD-L1 protein and presence of specific immune cells as determined by IHC on both TMA and whole slide samples. PD-L1 expression was associated with significantly poorer five-year EFS in the whole slide samples (25% vs. 69.4%, p = 0.01). In contrast, although the TMA cohort showed a trend for poorer survival with PD-L1 expression (33.3% vs. 71.4%, p = 0.18), this result did not achieve statistical significance (Fig. 4A,B) .
In the whole slide specimens, tumor infiltration by APCs was associated with poorer 5 yr-EFS, including CD1a+ DCs (28.3% vs. 83.9%, p = 0.001) and CD68+ macrophages (45.5% vs. 84.4%, p = 0.032) (Fig. 5) . Infiltration by the other immune cells assessed was not associated with differences in the 5-year EFS. (Figures S1-S6 ).
Osteosarcoma patients (n = 33) 
Discussion
In this study we demonstrated that PD-L1 was expressed in up to 25% of osteosarcoma samples, as determined by IHC using whole slide tumor sections. It is noteworthy that only 6.8% of osteosarcoma tumors, examined using a TMA containing 1 mm cores, were PD-L1 positive. It seems likely that this discrepancy between whole slides and the TMA is a result of the heterogeneity of PD-L1 expression in osteosarcoma-although PD-L1 positive cells were robustly stained, they made up a small fraction of cells examined on whole slide tumor sections. It is also possible that creation of the TMA, which is created to maximize areas of viable tumors, may bias against areas that are PD-L1 positive. These results suggest that IHC using a 1mm TMA may underestimate the number of PD-L1 positive osteosarcoma tumors. A previous study, using a 2 ΔCT method, found that the 84.2% of primary osteosarcoma tumors express detectable PD-L1 mRNA 23 . PD-L1 expression appears to be conserved across a number of solid tumors and hematologic malignancies. PD-L1 protein expression in a variety of cancers, such as melanoma (40-100%), non-small cell lung cancer (35-95%), and lymphomas (17-94%) is comparable to the range detected in osteosarcoma 37 . A study validating the prognostic and therapeutic value of a new anti-PD-L1 antibody defined PD-L1 positivity as > 5% of tumor-infiltrating cells or tumor cells staining for PD-L1 34 . Although we used a lower threshold of PD-L1 positivity, the previous study suggests that a low level of PD-L1 expression may have clinically meaningful impact.
Our results validated pervious PD-L1 mRNA expression reported in osteosarcoma 23 , but inclusion of a positive control allowed us to have a higher and more stringent cutoff for what we considered a truly positive tumor. Regardless, we found that the mRNA levels do not consistently correlate with protein expression, as determined by both IHC and western blotting. A second group was able to detect PD-L1 expression using immunofluorescence in approximately 75% of metastatic, but not primary, tissues 22 . This may reflect the increased propensity of metastatic osteosarcoma to express PD-L1 but it may also be due to limitations in the antibody available at that time. In order to address this issue we tested multiple PD-L1 antibodies on known positive and negative controls and subsequently optimized the chosen antibody in osteosarcoma (Table S3 ). Because previous studies have shown that PD-L1 protein expression by IHC is a predictor of response to both anti-PD-L1 and anti-PD-1 therapy in a variety of cancers [32] [33] [34] [35] , it may be important to correctly identify patients who may benefit from this potential intervention.
In this study, we have shown that PD-L1 expression in primary tumors may be a prognostic marker for poorer survival. In addition to identifying PD-L1 as a potential prognostic marker that may be present in up to 25% of osteosarcoma cases, we demonstrated that PD-L1 positive osteosarcoma tumors have higher numbers of TILs and APCs than their PD-L1 negative counterparts. Although infiltration by TILs is significantly higher in PD-L1 positive tumors and their presence trends with worsened survival, there is no significant association between TILs and patient survival. On the other hand, presence of either of the APCs examined, was significantly associated with worsened survival. Tumor associated macrophages (TAMs) are present in multiple solid tumors, including breast, gastric, and ovarian cancers 38 . Multiple studies have shown that TAMs play an important role in breast cancer pathogenesis by promoting angiogenesis, tumor cell invasion, and migration [39] [40] [41] [42] . Unlike the presence of TAMs in other solid tumors, the presence of CD14 positive immune cells, which include macrophages, monocytes, neutrophils, and dendritic cells 43 , was previously found to be associated with decreased metastasis but increased angiogenesis in osteosarcoma 44 . The presence of M1 macrophages, which are pro-inflammatory but not pro-tumor, has been associated with better outcomes in osteosarcoma. Treatment of osteosarcoma with muramyl-tripeptide, which appears to activate monocytes to become M1 macrophages, causing a cytokine cascade 45 , leads to osteosarcoma cell death in vitro 46 . Although previous studies may suggest that the opposite may be the case, we found that the presence of CD68+ TAMs in primary tissue may be significantly associated with worse survival in osteosarcoma. In previous studies, by capturing both monocytes and mature (M1 and M2) macrophages with CD14 staining, the role of mature macrophages may have been confounded. In our current study CD68 staining captures both pro-inflammatory M1 and pro-tumor M2 macrophages. In order to clarify the role of macrophages in osteosarcoma, future studies should correlate the presence of CD68+ /CD80+ M1 and CD68+ /CD163+ M2 macrophages to osteosarcoma survival.
It is also possible that osteoclasts, a subset of CD68+ bone specific macrophages, may impact osteosarcoma patient survival. Presence of osteoclasts in osteosarcomas have been linked to conflicting outcomes in past studies 47 . Although a recent study shows that pulmonary osteosarcoma metastases have fewer osteoclasts 48 , earlier work has shown that patients with aggressive osteosarcomas often have increased osteoclast activity 49 and that inhibition of osteoclast function via a RANK-ligand antagonist leads to favorable outcomes in mice 50 . Presence of a second APC, CD1a+ DCs, is also associated with poor survival in osteosarcoma. With the recent advent of DC vaccines as a cancer treatment, multiple groups have shown that DC vaccines have varying levels of effectiveness in animal models of osteosarcoma [51] [52] [53] [54] . It has been previously shown that human osteosarcoma cells in culture inhibit the ability of DC to present antigens 55 . Furthermore, human bone does not contain lymphatic vessels, implying that DCs cannot function in bone as they do in other tissues 56 . However, osteosarcomas frequently have a soft tissue component which may contain lymphatic vessels. The relevance of lymphatic vessels in osteosarcoma is not clear, however, the primary mode of metastasis in osteosarcoma is via hematogenous spread, with fewer than 4% of patients displaying lymph node metastasis 57, 58 . It seems that despite showing the potential of vaccines in animal models, DCs may be unable to function properly in human osteosarcoma.
A major limitation of this study is the small number of samples available in this single institution analysis of the tumor immune microenvironment in osteosarcoma. Our sample size was further limited by the lack of associated clinical data for a subset of tumors. Although the non-significant correlative outcome results in the TMA may be explained by the limited sample assessed in each core, and the limited sample number, these represent two different patient cohorts and we cannot rule out the possibility that the prognostic correlation is purely a random occurrence in a small patient population. Further studies are necessary to validate that these results can be recapitulated in a larger multi-institutional cohort.
In conclusion, we have shown that tumor infiltration by either CD68+ TAMs or CD1a+ DCs may be associated with poorer survival in osteosarcoma. Furthermore, PD-L1 is expressed in a subset of primary osteosarcoma samples at the time of biopsy, and it may be prognostic for increased mortality. PD-L1 expression is associated with TILs and APCs, including PD-1 positive immune cells. Due to its expression in a significant number of osteosarcoma tumors and an abundant presence of immune cells, the PD-L1:PD-1 axis may be a promising target for immunotherapy in osteosarcoma, particularly given osteosarcoma known genetic complexity. Further evaluation of PD-L1 protein expression is warranted in a larger cohort of patients with osteosarcoma. Currently a phase II study of pembrolizumab (anti-PD-1 antibody) in patients with advanced sarcomas, including osteosarcomas, is ongoing, the results of which may be informative.
Materials and Methods
Cell Cunlture and Human Materials. Both osteosarcoma standard cells lines (HOS, HOS-143b , SaOS, and U2OS) and isolated cells were cultured in Eagle minimum essential medium supplemented with 20% fetal bovine serum (FBS) and antibiotics. PD-L1 negative MCF7 breast cancer cells, PD-L1 positive MDA-MB-231breast cancer cells, and PD-L1 negative 3T3 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS. Primary osteosarcoma cultures were generated using standard collagenase disaggregation of surgical specimens from seven osteosarcoma patients, as has been described previously 59 . All cell lines were grown in 5% CO 2 humidified atmosphere at 37 °C.
Tumors collected from two cohorts of osteosarcoma patients were used to construct a TMA or whole slides, as previously described 60, 61 . Tissue was decalcified overnight, formalin-fixed, and paraffin embedded. Four to five-micron thick sections were cut from representative areas of the tumor and used for immunohistochemistry (IHC). In total, the TMA contained cores from 62 samples representing 51 unique patients, of which 54 cores were usable (Table S1 ). The cores that detached from the slide during processing were deemed unusable. Slides with an area of 50-135 cm 2 were constructed using tumors collected from a second cohort of patients (Table 1) , and were used to validate the TMA results. This second cohort included 48 total patients, of which 37 patients had associated clinical outcomes and 29 had clinical outcomes and additional demographic information.
The Ethics Committees and Institutional Review Boards at Montefiore Hospital, Memorial Sloan Kettering Cancer Center, and the Center for Cancer Research approved the study. Written informed consent was obtained from the patients and their parents/guardians prior to tissue collection. All procedures were conducted in accordance with guidelines provided by the Ethics Committees and Institutional Review Boards.
Protein extraction and Western Blotting. Protein was extracted from 15 frozen patient tumors using RIPA buffer (ThermoScientific). The tumors were collected in accordance with an IRB approved research protocol with patient/guardian informed consent as described previously 62 . Proteins were denatured in a reducing sample buffer and run on a 12% tris gel using tris-glycine buffer. Proteins were transferred to a nitrocellulose membrane, incubated with 5% milk block, probed with antibody for PD-L1 and subsequently with either a goat anti-rabbit HRP conjugated secondary antibody (Cell Signaling) diluted in 5% bovine serum albumin. Horse radish perodixase conjugated secondary antibodies were detected using autoradiography using chemoluminescence (Amersham Enhanced Chemiluminescence Prime Western Blotting Detection Reagent). 3T3 cells and MDA-MB-231 cells were used as a negative and positive control for PD-L1 expression, respectively.
RNA extraction and quantitative PCR (qPCR).
RNA was extracted from flash frozen osteosarcoma tumor samples from 15 patients using Trizol reagent (Invitrogen) and converted to cDNA using Superscript II transcriptase (Life Technologies). qPCR was performed using commercially available TaqMan primers for PD-L1 (Life Technologies, Hs01125301_m1). Relative gene expression was normalized to an internal control, GAPDH, and calculated using the 2 −ΔΔCT method. MCF7 and MDA-MB-231 cell lines were used as a negative and positive control for PD-L1 mRNA expression, respectively. Due to lack of detectable amplification of PD-L1 in the negative control, the CT value for MCF7 was set to 40 for calculations.
Tumor microarray (TMA) construction. Tumors, collected from osteosarcoma patients were used to construct a TMA, as has been described previously 60, 61 . The TMA contains cores from osteosarcoma tumors collected at the time of biopsy and definitive surgery, as well as from metastatic tissues. Tumor specimens obtained at the time of biopsy or definitive surgery were all obtained from the patients' primary site of disease. A pathologist reviewed the tumors in order to confirm the diagnosis of osteosarcoma. The TMA was constructed using 1-millimeter (mm) cores that were acquired from the formalin-fixed paraffin embedded tissue block from each individual tumor. Five-micron thick sections were cut and used for subsequent analysis 63 .
Tumor Maps. Multiple slides were selected from tumor maps that were previously generated for clinical purposes using osteosarcoma specimens obtained with parental consent from two patients enrolled in an IRB-approved bio-banking protocol at Montefiore Medical Center. Samples were analyzed from multiple locations within the tumor mass and surrounding tissue at the time of definitive surgery following neoadjuvant chemotherapy. A set of slides was generated for each patient and this was related to the specimen map, which provided each slide's location within the tumor.
Immunohistochemistry. Immune staining was optimized for proper antigen retrieval and antibody concentrations using immune tissue for positive controls and brain tissue for negative controls. Osteosarcoma tumor slides were baked at 60 °C for one hour and antigen retrieval was performed using either tri-citrate buffer, pH 6.0 or tris-EDTA buffer pH 8.0 at 100 °C for 20 minutes. Slides were de-paraffinized using xylene, rehydrated along an ethanol gradient, and blocked using dual endogenous enzyme-blocking reagent (Dako) and a subsequent normal goat serum block (Santa Cruz). Slides were incubated overnight at 4 °C in primary antibody followed by a one hour room-temperature incubation with secondary antibody. Antibody concentrations and information can be found in Supplementary Table 1 . Antigen expression was detected by addition of VECTASTAIN Elite ABC Kit (Vector Laboratories) and DAB (3,3-diaminobenzidine) HRP substrate (Vector Laboratories). Slides were counterstained with hematoxylin (Harris). Human placenta was used as positive control of PD-L1 expression. A full list of antibodies and their positive controls for all antibodies can be found in Supplementary Table 1 .
Quantification of IHC. Slides were scanned and graded by three independent reviewers without previous knowledge of patient outcomes or demographics. Slides were graded with a quartile score based on the percentage of positive staining cells present in the core/slide (0 = 0% staining, 1 = < 25%, 2 = 25-50%, 3 = 50-75%, and 4 = > 75%). If scores between the three graders were discordant the average, rounded to the nearest whole integer, was used. A tumor with a score of 1 or higher, representing ≥ 1% staining, was considered positive for PD-L1 expression or immune cell infiltration. Images of IHC staining were obtained at 20× magnification using the Pannoramic Scanner and captured using Pannoramic Viewer (3DHISTECH Ltd).
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Statistical analysis. Patient demographic data from each cohort was reported as frequencies for categorical variables and means with standard deviations for continuous variables. The association between the expression of PD-L1 and the presence of immune cells was assessed using Fisher's exact test or chi square analysis. Kaplan Meier curves were generated assessing the association between EFS and PD-L1 expression or immune cell infiltration, and the Log-rank (Mantel-Cox) test was utilized (GraphPad Prism software). Survival curves were generated using expression thresholds of negative, defined as no staining (grade 0) and positive defined as at least 1% staining (grade 1, 2, 3, or 4).
